ABSTRACT. The Houbara bustard (Chlamydotis undulata) is a threatened avian species that is rapidly declining throughout its range, especially in North Africa, Asia and the Canary Islands. We examined the population structure and genetic variation for the three Houbara subspecies C. undulata undulata, C. u. fuertaventurae and C. u. macqueenii. A total of 266 birds from 10 populations were genotyped using seven polymorphic microsatellite markers. The analysis of microsatellite loci generated 1821 genotypes and 55 different alleles. Estimates of observed and expected heterozygosities were relatively high and ranged from 0.371 to 0.687 and from 0.326 to 0.729, respectively. For the first time, significant phylogeographic structure among Asian Houbara populations was found using neutral nuclear markers. Analysis of molecular variance revealed 12.03% population variability among the subspecies. Population structure and assignment tests inferred using a Bayesian approach revealed two distinct clusters with more than 90% likelihood, one Asian and one North African. A positive correlation between genetic distance and geographic distance was detected among populations (r 2 = 0.302). For conservation purposes, this genetic information will help understand the current genetic status improving management strategies for Houbara bustard breeds and populations.
INTRODUCTION
Houbara bustard (Chlamydotis undulata) is an avian polytypic species with habitats in arid and semi-arid environments characterized by lower and middle altitudes, steppes, sandy, and stony wadis with shrubby halophytic vegetation (Cramp and Simmons, 1980) . The species belongs to the Otididae family made up of 23 species and is divided into three subspecies according to geographic distribution and morphology. C. u. undulata (Cuu) (Jacquin, 1784), found in Northern Africa (north Mauritania, Morocco, Algeria to Egypt) is sedentary, rarely vagrant or locally nomadic (Heim de Balsac and Mayaud, 1962) . C. u. macqueenii (Cum) (Gray, 1832) , the migratory form of "Chlamydotis" genus is found in Asia (from the Middle East to Altai) and lives in Sinai, Arabia, Baluchistan, Jordan, north Caspian Sea, north-west India, Afghanistan, Pakistan, Kazakhstan, Iran, Iraq, and Mongolia. C. u. fuertaventurae (Cuf) (Rothschild and Hartert, 1894) , a non-migratory and endemic subspecies to the Canary Islands resides mainly in Fuerteventura and Lanzarote.
The taxonomic status of the Chlamydotis genus remains controversial to this day. According to Sangster et al. (1999) , Knox et al. (2002) and Lesobre et al. (2010) , the Chlamydotis genus consists of two species C. undulata and C. macqueenii with C. undulata comprising two subspecies (Cuu and Cuf). Other authors, however, posit that the genus is monotypic and made up of three well-differentiated subpopulations [Cramp and Simmons, 1980; Pitra et al., 2002 Pitra et al., , 2004 Idaghdour et al., 2004; IUCN, 2010; Birdlife International (2010) taxonomic group]. In this paper, we opt for the latter classification. According to the red list of threatened species (IUCN, 2010) , Houbara bustard is classified "vulnerable". The ongoing decrease in the size of the Houbara bustard populations requires that knowledge of the genetic structure, population boundaries and level of connectivity between populations be known for proper management (Haddane, 1985) . Furthermore, genetic drift ultimately affects gene flow and as stated by Wright (1951) , gene flow may allow the spread of favorable adaptation among populations. Thus, in a species like C. undulata divided into populations, gene flow is likely to help the species overcome problems related to loss of adaptive genetic diversity (Keller et al., 1994) . Estimates of gene flow between island and mainland Houbara populations or among mainland populations can provide useful information for management initiatives aiming for the long-term persistence and conservation of the species in its natural habitat. In Morocco, the Houbara bustard populaIn Morocco, the Houbara bustard popula-tion has declined substantially as a result of overgrazing, habitat destruction and excessive hunting (Birdlife International, 2010) . Assessing genetic diversity and population structure of wildlife species using neutral molecular markers allows determination of their extinction risk and to design strategies for their management and conservation (Serrano et al., 2009) . Previous genetic studies on Houbara bustards have failed to show an evidence for genetic differentiation between the North African C. undulata. Idaghdour et al. (2004) using mtDNA showed extensive structuring among the three subspecies but could not find structure within Cuu. Dawson et al. (1999) while performing analysis on the CHD-Z gene, confirmed the absence of size difference products between two Houbara bustard populations from Morocco and the Canary Islands. Lesobre et al. (2010) used both mtDNA and DNA microsatellites as described in Idaghdour et al. (2004) and Chbel et al. (2002) , respectively, and did not find solid evidence of structuring within Cuu either. Pitra et al. (2004) studied the macqueenii population history and showed weak structuring using only four microsatellite markers. The objective of this research was to implement Chbel et al. (2002) polymorphic SSR markers and extend their use into a larger number of populations in order to pertinently evaluate and assess genetic distance, phylogenetic relationships, genetic diversity, and population differentiation between the North African forms Cuu and Cuf and the Asian form Cum.
MATERIAL AND METHODS
The isolation of single sequence repeats (SSR) loci was carried out from Moroccan Houbara's extracted DNA. Library construction and primer design were done by Genetic Identification Service Inc. (USA) as described in Chbel et al. (2002) . From 1993 to 2007, the three Houbara bustard subspecies were sampled from the 10 different locations listed in Figure 1 and Table 1 avoiding the sampling of close related individuals. A total of 135 blood samples were collected from the Cuu founding stock at IFCDW originated from Erfoud, Errachidia and Boudnib areas where each sample represents an egg from a single clutch. Another 18 tissue samples were obtained from hunted birds in Laayoune region in south of Morocco. The Cum collection included five different populations. Blood and tissue samples from Iran (N = 16), Jordan (N = 2) and Baluchistan (N = 28) populations were obtained from the National Wildlife Research Center (NWRC) in Taif, Kingdom of Saudi Arabia and samples from the Negev desert (N = 3), Afghanistan (N = 6) and mixed origins of the Asiatic Houbara from Kazakhstan, Saudi Arabia and Pakistan were collected from Sheikh Butti Maktoum's Wildlife Center in the United Arab Emirates. We later labeled samples from Jordan and the Negev desert as the Middle East sample. For Cuf, we received 21 blood samples from La Oliva Breeding Station in the Canary Islands. Blood samples were stored in ACD (0.48% citric acid, 1.32% sodium citrate and 1.47% dextrose) or QLB (1% sodium N-lauryl sarcosine, 10 mM EDTA, 10 mM NaCl and 10 mM Tris, pH 8.0) buffers at either -20°C or room temperature whereas tissue samples in a saline lysis buffer (20% DMSO and 5 mM NaCl) and stored in ambient temperature.
Total genomic DNA was extracted using either phenol-chloroform method (Sambrook et al., 1989) , GEN-IAL First DNA, or QIAmp DNA Kits. DNA concentration was quantified using Hoefer DyNA Quant 200 Fluorometer and its integrity checked on 1% agarose gels. Gradient PCRs were conducted during the optimization phase using Biometra T1 and Techne GeneE thermal cyclers. In a final volume of 5 µL, the PCR master mix contained: 10X Promega buffer, dH 2 O, 25 mM MgCl 2 , 2 mM dNTPs, 20 µM forward and reverse primers, 1 µM IRD-M13 forward primer (Schuelke, 2000) , 5 U/µL Taq Polymerase Enzyme (Promega) and 20 ng template DNA. PCRs were carried out with the following sittings: 94°C for 3 min for one cycle; 94°C for 20 s, Ta1 for 1 min and 72°C for 30 s for 14 cycles; 94°C for 20 s, Ta2 for 1 min and 72°C for 30 s for 28 cycles, and 72°C for 10 min for one final cycle. Annealing temperatures for all SSR markers were as in Chbel et al. (2002) . PCR products were run and visualized on a Li-COR 4000 L sequencing device through a 6.5% Li-COR KB Plus Gel Matrix and microsatellite allele sizes were determined using an Infra Red Dye 800 size marker. 
Data analysis
Prior to data analysis, the Micro-Checker 2.2.3 program (Van Oosterhout et al., 2004) was used to identify microsatellite profiling errors. Tests for linkage disequilibrium were performed in GENEPOP 4.0 (Raymond and Rousset, 1995) and the Arlequin 3.1 software (Excoffier et al., 2006) . The expected (H E ) and observed heterozygosities (H O ) for each population were estimated using the GENETIX 4.03 software (Belkhir et al., 2003) and the polymorphic information content (PIC) was estimated using the Cervus 2.0 program (Marshall et al., 1998) . For each population, deviation from Hardy-Weinberg equilibrium (HWE) was tested with the Fisher exact test implemented in GENEPOP based on 5000 iterations and 20 batches. Bonferroni's adjustment (Rice, 1989 ) was implemented to compensate for multiple comparisons at P < 0.05 level. The analysis of molecular variance (AMOVA) describing the hierarchical partitioning of genetic variance among and within populations was carried out using the Arlequin package. By defining each time the number of groups considered in the structure, the AMOVA used permutation tests to evaluate null hypotheses of no population structure within groups and between groups. The F ST index was also tested by permuting haplotypes among populations among groups and the F CT by permuting populations among groups. Population pairwise F ST values were obtained for all population pairs and their significance values were tested against the assumption of no difference between populations by considering 1000 random permutations of haplotypes. The Arlequin package was also utilized to assess the genetic differentiation (F ST ; P values) for all population pairwise combinations considering the number of different alleles as the molecular distance. The Genetic Data Analysis program (Lewis and Zaykin, 2001 ) was used to calculate Wright's fixation indices F IS , F ST and F IT (Wright, 1951) according to Weir and Cockerham (1984) and using the Jackniffing approach over populations. The MEGA 4.1 software (Tamura et al., 2007) was used to construct the minimum evolution (ME) tree (Nei et al., 1998) . Furthermore, pairwise population genetic differentiation (Φ pt ) was calculated as well as geographic distance used to perform the Mantel test for isolation by distance implemented in the GENALEX 6.3 program (Peakall and Smouse, 2006) . The pairwise geographic distances were calculated in kilometers using the latitude/longitude coordinates of each sampled location. Gene flow was calculated using Wright's formula: (Nei, 1987) and adjusted for diploid data where M = 2N m , with M the number of migrants per generation, N the effective population size and m the migration rate. The STRUCTURE 2.2 program (Pritchard et al., 2000; Falush et al., 2003) was used to investigate the genetic identity of the Houbara populations especially the macqueenii mixed origins. The program implements a Bayesian clustering method to infer and assign the individuals of uncertain origins or without a priori information on their exact geographic origin to populations via their estimated allele frequencies. The analysis were carried out using K = 2 to 3 clusters and burns of 25,000 repetitions and 100,000 iteration for Markov chain Monte Carlo (MCMC). Each run was repeated five times to get consistent results.
RESULTS AND DISCUSSION

Genetic variability within populations
The Micro-Checker and GENEPOP packages showed no signs for large allele dropout or for scoring errors due to stuttering and no evidence for null alleles. However, the global Fisher test was significant and revealed two genotypic linkage disequilibria between D119 and A113a and between D118 and D110 loci. For this reason, A113a and D110 loci were eliminated from this study. The seven remaining microsatellite loci were successfully amplified in all 10 Houbara populations and generated 1821 genotypes and 55 alleles for a total of 266 individuals. Measures of genetic variability for the 10 populations are shown in Table 1 . The mean number of alleles ranged from 2.14 in the Middle East to 6.00 in Errachidia with an average of 4.64. Eight private alleles were found, one in Laayoune, three in Errachidia, two in Iran, one in the macqueenii mixed origins, and one in Afghanistan population. The observed number of alleles reflects historical events of each population, which could include changes in effective population size, impact of natural and artificial selection, introgression, and genetic isolation. Most noticeably is the number of private alleles in the Iranian and Errachidia populations, 2 and 3, respectively. The presence of such private alleles could be due to new accumulated alleles in recently diverged but genetically isolated populations or the result of loss of alleles after bottleneck and divergence. Moreover, the average PIC across populations was calculated to 56%. The Boudnib and Errachidia populations had the highest PIC of 66% and the Middle East population had the lowest PIC value of 25%. The average PIC value indicated thus that the implemented microsatellite markers were informative and appropriate for such genetic studies (Botstein et al., 1980) . The low PIC in the Middle East population is possibly due to the low number of segregating alleles. H O within each population except for the Middle East one was lower than the H E . Additionally, the F IS value ranged from -0.15 in the Middle East population to 0.14 in the Afghan population and the F IS for all populations except the Middle East population was positive indicating a significant deficit of heterozygotes owing to inbreeding (F IS > 0), samples from sub-populations pooled together (Wahlund effect), and/or genetic drift. However, the negaHowever, the negaHowever, the negative F IS value for the Middle East population could be due to by an asymmetrical sex migration that produced an outbreeding effect in the progeny.
Finally, considering the heterozygote deficit as the alternative assumption, six departures from the HWE were detected by the Fisher global test across populations. Indeed, significant multilocus deviations were found within Errachidia, Boudnib, Iran, Baluchistan, Laayoune, and Erfoud populations at the P < 0.05 level. Unfortunately, only few Houbara studies that used SSRs are available for comparison. Lesobre et al. (2010) have studied the genetic characteristics of Cuu in North Africa using the same SSR loci. Their estimates of the mean H E , H O and F IS were 0.70, 0.64 and 0.08, respectively, for Moroccan populations. In the current study, we estimated H E , H O and F IS to be 0.70, 0.65 and 0.05, respectively, for the populations we sampled in Morocco, which were mostly similar to the estimates of Lesobre et al. (2010) .
Genetic variability among populations
The structure of subdivided populations is often estimated by F-statistics (Wright 1951) . The F-statistics (F IS , F IT and F ST ) of the 7 loci are presented in Table 2 . The F IS values per locus varied from 0.06 to 0.12 with a mean of 0.10. The F ST estimates of population differentiation ranged from 0.09 to 0.13 showing an average F ST of 0.11. As presented in Table  3 , estimates of genetic differentiation between pairs of populations and their P values were significant in the majority of combinations except within Moroccan populations (Boundnib, To analyze hierarchical molecular variance using AMOVA, we first grouped all populations in one set to get a global idea about the genetic structuring and differentiation among and within populations (Table 4) . A significant structuring among all sampled populations was found (F ST = 0.12, P value = 0.000) with 87.97% of molecular variance within populations and only 12.03% among groups. The most probable population groupings and configurations according to four geographic groups where also investigated. Generally, the grouping that exhibits the highest value of among group variation (F CT ) and is significant indicates the most parsimonious geographic subdivision (Paulo et al., 2002 east] grouping displayed the highest statistically significant value of among group variation with an F CT value of 0.145 (P = 0.000). This finding affirms, and is in perfect concordance with, the results shown in Table 3 especially regarding the population of Macqueen's mixed origins and that from the Middle East region. To quantify the sub-structuring for Moroccan Houbara between the South-western and North-eastern populations, we repeated the analysis using separate data for the two groups, which showed an absence of structuring (F ST = 0.0021, P = 0.128). This estimate corresponded to a number of 238 migrants that were exchanged per generation. Actually, the result was not unexpected as the Houbara have the capacity to disperse over a wide geographic range in Morocco (Idaghdour et al., 2004) . Lesobre et al. (2010) also noted that Cuu founders from Algeria and Eastern Morocco are bred and managed as a single population and their descendants were used to restock wild populations in south eastern Morocco. Furthermore, gene flow within Morocco was reported to be female-mediated, and its considerable levels were sufficient to genetically homogenize the Moroccan populations (Idaghdour et al., 2004) . Using the same approach, an estimate of F ST = 0.1117 was found between Cuu and Cuf. This Canary Islands Cuf differentiation from the Moroccan Cuu is due to geographic isolation (sea barrier).
Population structure was further investigated using the STRUCTURE Bayesian clustering method in order to assign individuals to populations based on their genotypes. The most relevant number of clusters was revealed to be K = 2 as shown in Figure 2 . This result was supported by the estimated log probability of the data (LnP(D); Figure 3 ) and the assessment of the membership percentage to particular clusters (Table 5 ). The LnP(D) increased by 9.75% between K = 1 and K = 2, remained almost constant between K = 2 and K = 3 and increased again by 4.72% between K = 3 and K = 4 clusters. The weak variation between K = 2 and K = 3 refers to the plateau reached at K = 2 and showed a good fit to the data. This finding is also confirmed by the individual assignment proportion of more than 92% to either cluster I or cluster II. When the number of clusters was increased to K = 3, the admixed haplotypes showed lower percentages of membership with values less than 70% especially for Moroccan populations. Cum = Chlamydotis undulata macqueenii; Cuf = C. u. fuertaventurae; Cuu = C. u. undulata. Table 5 . Proportion of membership of each pre-defined population to the two major inferred clusters. 
Genetic distance and gene flow
A phylogeny tree was drawn using the ME approach (Figure 4) . The dendrogram grouped the majority of Houbara and Macqueen's populations into two main clusters Cuu/Cuf and Cum and corroborated then the reciprocal monophyly of the Houbara and Macqueen's bustards. Also, the ME tree has shown that the North African populations are monophyletic, which confirms further the genetic structuring found between Cuu and Cuf. In Figure 5 and Table 6 , Mantel tests for association between genetic distance, represented by (Φ pt ) and geographic distance, revealed that geographic distance plays an important role in the distribution of genetic variation among Houbara populations and showed significant and positive correlations with r 2 = 0.302 and r 2 = 0.334 for the set grouping all populations and the set gathering all population except the one from the Canary Islands, respectively. These genetic findings could be explained by limited genetic connectivity so by relatively high indication of isolation-by-distance between populations. The relationship between genetic differentiation and geographic distance became higher when the Cuf population was retrieved from Mantel tests. The decrease in isolation by distance in the first set containing all populations could be explained by the fact that in finite populations such as Cuf, the effect of genetic drift is stronger than gene flow at the studied nuclear loci. Idaghdour et al. (2004) showed that gene flow between Cuu and Cuf is equal to 1.3 migrants per generation suggesting that males possibly disperse more than females. In fact, the sexbiased dispersal discrepancy is due to larger susceptibility of the female-inherited mtDNA to genetic drift compared to the biparentally inherited microsatellites especially in isolated or differentiated populations (Chesser and Backer, 1996) . Idaghdour et al. (2004) reported also that the gene flow is almost exclusively unidirectional from Cuu to Cuf as expected given the effective population size of each population.
Scenarios of population differentiation
The significant differentiation between Cum and Cuu reflected by relatively high F ST value suggests that Cum split from Cuu first, then Cuu and Cuf became differentiated. This is in concordance with the results of Idaghdour et al. (2004) and Lesobre et al. (2010) .
Based on the results generated from this study, we think that the differentiation mechanism within C. undulata species could have occurred at two stages. The first between Cum and Cuu and the second between Cuu and Cuf. Assuming that the origin of Otididae family is thought to be in eastern or southern Africa (Pitra et al., 2002) , a first hypothesis of C. undulata speciation is an expansion of an ancestral form from eastern Africa to Asia followed by a range expansion all the way to the Atlantic coast of Africa. The second possible hypothesis is that the expansion of the ancestral form occurred at the same time to Asia and North Africa and these two forms were sympatric in Egypt and later separated. Also, the reduction of population size as a result of habitat destruction, excessive hunting and wars (especially that Egypt desert, Middle East and Western-central Asia in Afghanistan, Pakistan, Iran, and Iraq had known long periods of disastrous wars for decades) may be responsible for the currently observed disjunction at the level of Egypt, so in other terms, responsible for the lack of connectivity and isolation resulting in loss of habitat and population fragmentation. Further study on Houbara and Macqueen's mtDNA genes is in progress (Korrida A and Schweizer M, unpublished results) and would shed more light on the two assumptions mentioned above.
For the North African subspecies and according to our measures of microsatellite geor the North African subspecies and according to our measures of microsatellite geof microsatellite genetic variability, the most likely mechanism of differentiation between Cuu and Cuf is a recent colonization of the Canary Islands. This mechanism agrees also with results previously documented using d-loop marker (Idaghdour et al., 2004 Table 6 . Summary of Mantel tests for microsatellite markers.
r² is the coefficient of correlation between population genetic distance and population genetic differentiation (Φ pt ). *P < 5%. For abbreviations, see legend to Table 5. describe the effects of colonization on the genetic structure of natural populations (Kimura and Weiss, 1964) . With regards to the observations related to the low genetic variability in the Canarian subspecies, the most appropriate colonization model might be the stepping-stone model, which assumes that migration occurs between adjacent populations, and that colonized islands contain only a subset of the genetic information of the source population resulting in the loss of genetic diversity due to founder effects (Nei, 1987) .
IMPLICATIONS FOR CONSERVATION
The Houbara and Macqueen's subspecies constitute the main target of Arab falconry and due to their drastic decline has been the focus of the present study. The novelty of the present study resides in the striking evidence it reports for population genetic structuring within Cum being managed currently as a single genetic stock. Indeed, the Middle East population has shown significant levels of genetic differentiation at microsatellite loci, therefore, this very small population would not enable us to draw a decisive conclusion in relation with the definition of management or conservation units as defined by Vogler and Desalle (1994) , Moritz (1994) and Crandall et al. (2000) . For this end, more samples from the Negev desert, Egypt, Jordan, and/or Sinai areas need to be investigated.
Moreover, our genetic evidence revealed that the geographically isolated Canarian population is also genetically independent and should therefore be considered either as a separate North African evolutionary significant unit (Crandall et al., 2000) or designatable unit (Green, 2005) .
The Houbara bustard is a valuable avian resource with great interest for Morocco too. As the four Moroccan populations were found to be very exchangeable with each other, we recommend treating the North-eastern and South-western Moroccan populations as a single management pool. However, similar genetic study should be conducted each time and new samples collected from other Moroccan zones are to be recruited within the captive breeding stocks.
From a wildlife and conservation perspective, we do believe that the current information and results would constitute a reference point and source of knowledge for implementing genetic strategies that could assist in maintaining Houbara bustards' genetic diversity such that the evolvability of population is not at risk, and therefore not compromising chances of adaptation to wild conditions and minimizing the loss of genetic diversity and inbreeding.
Finally, considering that in small and finite populations the risk of extinction within a short time is increased due to over-exploitation, hunting pressure, habitat destruction, pollution, introduced species, and other environmental, genetic and stochastic factors, it is important to mention that beside the information on population structure and heterozygosity estimates held by the neutral genetic markers, direct censuses of the populations could hold more information regarding extinction risk.
